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1 Introduction 

 

The VIRYA-5.2 rotor has three blades, a design tip speed ratio d = 6 and a rotor diameter of 

5.2 m. A rotor blade is made of a wooden plank of good quality hard wood. The blades have a 

constant chord, a constant airfoil and no blade twist and can therefore be manufactured easily. 

The rotor blades are connected to a welded spoke assembly. 

 The VIRYA-5.2 will be provided with the hinged side vane safety system which is used 

for all VIRYA-windmills. This system is described in report KD 213 (ref. 1). The moment of 

inertia of the vane around the yawing axis is very large and this limits the maximum angular 

velocity of the head movement and so the gyroscopic moment is limited too. This makes that 

the bending moment in the blades and the rotor shaft is limited. The safety system is designed 

such that the rated wind speed Vrated is about 9.5 m/s. The vane blade will be made out of 

oucume plywood with dimensions 1220 * 1220 * 12 mm and two vane blades can just be 

made out of a standard sheet size 1.22 * 2.44 m. A rotor diameter of 5.2 m is the maximum 

which can be used for the hinged side vane safety system with a vane blade with these 

dimensions. The head frame dimensions will be derived from the VIRYA-4.2 and the 

VIRYA-4.6B2 head frame (see chapter 7). 

 The VIRYA-5.2 is primary meant for connection to a 50 Hz grid using a 3-phase 

inverter but it can also be used for heating or for 192 V battery charging (see chapter 8). 

Provisionally it is chosen to use an axial flux PM-generator of the Chinese brand Hefei Top 

Grand type TGET450-2KW-180R. This generator has an outer rotor which means that the 

whole generator housing is rotating and that the generator shaft is connected to the windmill 

head frame. The generator shaft is hollow and three wires are coming out of the hollow shaft. 

Information about this generator is given on the website: www.china-topgrand.com (see 

sketch appendix 2). It might be possible to use the same 12 m tower as used for the 

VIRYA-4.2 and the VIRYA-4.6B2 or a new 12 m or 15 m tubular tower can be designed. 

   

2 Description of the rotor of the VIRYA-5.2 windmill 

 

A blade is made out of a wooden plank with a length of 2.37 m. The plank is provided with 

the Gö 711 airfoil over the whole length. The geometry and characteristics of the Gö 711 

airfoil are given in report KD 285 (ref. 2). The lower side of this airfoil is flat over 97.5 % of 

the chord which simplifies manufacture. The airfoil has a maximum thickness of 14.85 % of 

the chord. A disadvantage of this airfoil is that the aerodynamic characteristics are only 

available for the rather high Reynolds number Re = 4 * 105 but as the chord is rather large, the 

Reynolds values will be acceptable high. The chord is chosen 240 mm for the whole blade so 

the maximum thickness is 35.64 mm. 

 The blades will be rather flexible and therefore vibrations which are caused by the 

gyroscopic moment, by streaming under a certain yaw angle  and by a non-uniform 

distribution of the wind speed over the rotor plane, are flattened. The rotor is balanced by 

removing some material from the heaviest blade tips, by gluing small cylinders of lead in 

holes which are drilled in the lightest blade tip or by connecting balance weights under the 

connecting bolts. The rotor shaft has a tilt angle of 5° to get enough space in between the 

blade tip and the tower. 

 The spoke assembly is made of three 500 mm long stainless steel strips size 

150 * 10 mm which are welded to each other under an angle of 120°. As the blade length is 

2370 mm, the overlap in between blade and spoke is 270 mm. The spokes are twisted 7.7° 

right hand to give each blade the correct blade angle. The blades are connected to the spoke 

assembly by three stainless steel bolts M16 and six nuts M16 at a pitch of 100 mm. There is a 

3 mm cambered strip in between the bolt heads and the wood to prevent damage of the wood 

when the bolts are tightened. The spoke assembly is clamped in between the front side of the 

generator and a 150 mm disk with a thickness of 6 mm by ten bolts M12 * 40. The disk 

prevents a bending stress in the welds. A sketch of the rotor is given in appendix 1. 

http://www.china-topgrand.com/
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3 Calculation of the rotor geometry 
 

The rotor geometry is determined using the method and the formulas as given in report KD 35 

(ref. 3). This report (KD 670) has its own formula numbering. Substitution of d = 6 and 

R = 2.6 m in formula (5.1) of KD 35 gives: 

 

r d = 2.3077 * r         (-) (1) 

 

Formula’s (5.2) and (5.3) of KD 35 stay the same so: 

 

 =  –        (°) (2) 

 

 = 2/3 arctan 1 / r d        (°) (3) 

 

Substitution of B = 3 and c = 0.24 m in formula (5.4) of KD 35 gives: 

 

Cl = 34.907 r (1 – cos)       (-) (4) 

 

Substitution of V = 5 m/s and c = 0.24 m in formula (5.5) of KD 35 gives: 

 

Re r = 0.8 * 105 *  (r d
2 + 4/9)         (-) (5) 

 

The blade is calculated for six stations A till F which have a distance of 0.42 m of one to 

another. Station F corresponds to the end of a spoke. First the theoretical values are 

determined for Cl,  and . Next a constant value is chosen for  such that the linearised 

values correspond as good as possible with the theoretical values. The result of the 

calculations is given in table 1.  

 The Reynolds values for the stations are calculated for a wind speed of 5 m/s because 

this is a realistic value for a windmill with a rated wind speed of 9.5 m/s. The aerodynamic 

characteristics of the Gö 711 airfoil are only available for Re = 4 * 105 (see KD 285, ref. 2). 

For stations D, E and F, the calculated values for Reynolds are much lower than 4 * 105. 

However, 75 % of the power of the rotor is generated by the outer half of the blades and the 

Cd/Cl ratio for airfoils with a flat lower side becomes only large for Reynolds values lower 

than about 105. So I think that it is no problem for the calculation of the inner stations that 

only measurements for Re = 4 * 105 are available. 

 
sta- 

tion 

r 

(m) 
rd 

(-) 


(°) 

c 

(m) 

Cl th 

(-) 

Cl lin 

(-) 

Re r * 10-5 

V = 5 m/s 

Re* 10-5 

Gö 711 
th 

(°) 

lin 

(°) 

th 

(°) 

lin 

(°) 

Cd/Cl lin 

(-) 

A 2.6 6 6.3 0.24 0.55 0.56 4.83 4 -1.5 -1.4 7.8 7.7 0.026 

B 2.18 5.031 7.5 0.24 0.65 0.65 4.06 4 -0.2 -0.2 7.7 7.7 0.021 

C 1.76 4.062 9.2 0.24 0.79 0.79 3.29 4 1.5 1.5 7.7 7.7 0.017 

D 1.34 3.092 11.9 0.24 1.01 1.01 2.53 4 4.2 4.2 7.7 7.7 0.015 

E 0.92 2.123 16.8 0.24 1.37 1.38 1.78 4 9.0 9.1 7.8 7.7 0.022 

F 0.5 1.154 27.3 0.24 1.94 - 1.07 4 - 19.6 - 7.7 - 

 

table 1  Calculation of the blade geometry of the VIRYA-5.2 rotor 

 

No value for th and therefore for th is found for station F because the required Cl value can’t 

be generated. The values  th for the most important stations A up to D vary only in between 

7.8° and 7.7°. If a constant value lin = 7.7° is chosen, the linearised angles are lying very 

close to the theoretical angles. A sketch of the rotor is given in appendix 1. Detailed drawings 

of the rotor are given in appendix 3. 
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4 Determination of the Cp- and the Cq- curves 
 

The determination of the Cp- and Cq- curves is given in chapter 6 of KD 35. The average 

Cd/Cl ratio for the outer stations of the blade is about 0.02. Figure 4.7 of KD 35 (for B = 3) 

and opt = 6 and Cd/Cl = 0.02 gives Cp th = 0.48. The blade is stalling at station F. Therefore, 

for the calculation of the Cp, not the whole blade length k but only the length up to 0.33 m 

outside station F is taken into account. This gives an effective blade length k’ = 1.77 m. 

Substitution of Cp th = 0.48, R = 2.6 m and effective blade length k = k’ = 1.77 m in 

formula 6.3 of KD 35 gives Cp max = 0.43. Cq opt = Cp max / opt = 0.43 / 6 = 0.0717. 

Substitution of opt = d = 6 in formula 6.4 of KD 35 gives unl = 9.6. 

The starting torque coefficient is calculated with formula 6.12 of KD 35 which is given by: 

 

Cq start = 0.75 * B * (R – ½k) * Cl * c * k / R3          (-) (6) 

 

Formula 6 is only valid for a blade with a constant chord and a constant blade angle which is 

the case for this rotor. The chord c = 0.24 m and the blade angle  = 7.7° for the whole blade. 

If the rotor is not rotating, the angle of attack  = 90° - . So the angle of attack is 

90° - 7.7° = 82.3°. 

 The Cl- curves for the Gö 711 airfoil are not given for large angles . However, the 

airfoil is completely stalling during starting and it is expected that the Cl- curve for large 

angles  will be about the same as the Cl- curve for the Gö 623 airfoil. The Cl- curve for 

the Gö 623 airfoil for large angles  is given in figure 5.10 of report KD 35 (ref. 3). For 

 = 82.3° it can be read in this figure that Cl = 0.27. During starting, the whole blade is 

stalling. So for calculation of the starting torque coefficient, the real blade length k = 2.37 m 

is taken into account. 

 Substitution of B = 3, R = 2.6 m, k = 2.37 m, Cl = 0.27 and c = 0.24 m in formula 6 

gives that Cq start = 0.0089. For the ratio between the starting torque and the optimum torque 

we find that it is 0.0089 / 0.0717 = 0.124. This is acceptable for a rotor with a design tip speed 

ratio of 6 and a constant chord. The starting wind speed Vstart of the rotor is calculated with 

formula 8.6 of KD 35 which is given by: 

 

                             Qs 

Vstart =  ( ----------------------)            (m/s) (7) 

                 Cq start * ½ * R3 

  

The sticking torque Qs of an unloaded axial flux generator is very low because it is only 

caused by the friction of the bearings and the seals. It is specified by the supplier that it is less 

than 0.3 Nm. However, this is the case if no seal is mounted at the generator shaft. For use of 

the generator with the shaft horizontal, a seal is needed. It is assumed that the friction torque 

with a seal which has run in, is 2 Nm. Substitution of Qs = 2 Nm, Cq start = 0.0089, 

 = 1.2 kg/m3 and R = 2.6 m in formula 7 gives that Vstart = 2.6 m/s. This is low for a rotor 

with a design tip speed ratio of 6.  

 In chapter 6.4 of KD 35 it is explained how rather accurate Cp- and Cq- curves can be 

determined if only two points of the Cp- curve and one point of the Cq- curve are known. 

The first part of the Cq- curve is determined according to KD 35 by drawing an S-shaped 

line which is horizontal for  = 0.   

 Kragten Design has developed a method with which the value of Cq for low values of  

can be determined (see report KD 97 ref. 4). With this method, it can be determined that the 

Cq- curve is about straight and horizontal for low values of  if a Gö 711 airfoil is used.  
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A scale model of a three bladed rotor with constant chord and blade angle and with a design 

tip speed ratio d = 6 has been measured in the open wind tunnel of the University of 

Technology Delft already on 20-11-1980. It has been found that the maximum Cp was more 

than 0.4 and that the Cq- curve for low values of  was not horizontal but somewhat rising. 

This effect has been taken into account and the estimated Cp- and Cq- curves for the 

VIRYA-5.2 rotor are given in figure 1 and 2. The low Cq and Cp values at low values of  are 

caused by stalling of the airfoil. 
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fig. 1  Estimated Cp- curve for the VIRYA-5.2 rotor for the wind direction perpendicular 

          to the rotor ( = 0°) 
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fig. 2  Estimated Cq- curve for the VIRYA-5.2 rotor for the wind direction perpendicular 

           to the rotor ( = 0°) 
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5 Determination of the P-n curves and the optimum cubic line 

 

The determination of the P-n curves of a windmill rotor is described in chapter 8 of KD 35. 

One needs a Cp- curve of the rotor and the characteristics of the safety system together with 

the formulas for the power P and the rotational speed n. The estimated -V curve of the 

VIRYA-4.2 windmill is given in figure 5 of report KD 213 (ref. 1). The VIRYA-4.2 has a 

vane blade made out of 9 mm meranti plywood with a density of about 0.6 * 103 kg/m3. The 

rated wind speed for this vane blade is about 9.5 m/s. The VIRYA-5.2 will get a vane blade 

made out of 12 mm oucume plywood with a density of about 0.45 * 103 kg/m3. Using a larger 

thickness will make the blade stiff enough to prevent flutter at high wind speeds. The rated 

wind speed for this vane blade will also be about 9.5 m/s. The estimated -V curve for the 

VIRYA-5.2 is given in figure 3. 
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fig. 3  Estimated -V curve for a 12 mm oucume plywood vane blade 

 

Because the P-n curve for low values of  appears to lie very close to each other, the P-n 

curves are not determined for very low values of . The P-n curves are determined for Cp 

values belonging to  is 3, 4, 5, 6, 7, 8, 9 and 9.6 (see figure 1). The P-n curves are 

determined for wind the speeds 3, 4, 5, 6, 7, 8, 9 and 9.5 m/s. The yaw angles  for wind 

speeds above 6 m/s are read from figure 3. 

 

Substitution of R = 2.6 m in formula 7.1 of KD 35 gives: 

 

n = 3.6728 *  * cos * V        (rpm) (8) 

 

Substitution of  = 1.2 kg/m3 and R = 2.6 m in formula 7.10 of KD 35 gives: 

 

P = 12.742 * Cp * cos3 * V3         (W) (9) 

 

For a certain wind speed, for instance V = 3 m/s, related values of Cp and  are substituted in 

formula 8 and 9 and this gives the P-n curve for that wind speed.  

 
 V = 3 m/s 

 = 0° 

V = 4 m/s 

 = 0° 

V = 5 m/s 

 = 0° 

V = 6 m/s 

 = 0° 

V = 7 m/s 

 = 5° 

V = 8 m/s 

 = 15° 

V = 9 m/s 

 = 25° 

V = 9.5 m/s 

 = 30° 

 Cp n (rpm) P (W) n (rpm) P (W) n (rpm) P (W) n (rpm) P (W) n (rpm) P (W) n (rpm) P (W) n (rpm) P (W) n (rpm) P (W) 

3 0.13 33.1 44.7 44.1 106.0 55.1 207.1 66.1 357.8 76.8 561.7 85.1 764.3 89.9 899.0 90.7 922.5 

4 0.27 44.1 92.9 58.8 220.2 73.5 430.0 88.1 743.1 102.4 1166.6 113.5 1587.5 119.8 1867.1 120.9 1915.9 

5 0.39 55.1 134.2 73.5 318.0 91.8 621.2 110.2 1073.4 128.1 1685.1 141.9 2293.0 149.8 2696.9 151.1 2767.4 

6 0.43 66.1 147.9 88.1 350.7 110.2 684.9 132.2 1183.5 153.7 1857.0 170.3 2528.2 179.7 2973.5 181.3 3051.2 

7 0.39 77.1 134.2 102.8 318.0 128.5 621.2 154.3 1073.4 179.3 1685.1 198.7 2293.0 209.7 2696.0 211.5 2767.4 

8 0.28 88.1 96.3 117.5 228.3 146.9 446.0 176.3 770.6 204.9 1209.8 227.0 1646.3 239.7 1936.2 241.7 1986.8 

9 0.12 99.2 41.3 132.2 97.9 165.3 191.1 198.3 330.3 230.5 518.5 255.4 705.5 269.6 829.8 272.0 851.5 

9.6 0 107.8 0 141.0 0 176.3 0 211.6 0 245.9 0 272.5 0 287.6 0 290.1 0 

 

table 2  Calculated values of n and P as a function of  and V for the VIRYA-5.2 rotor 



 8 

 

The calculated values for n and P are plotted in figure 4. The optimum cubic line which is 

going through the tops of the Pmech-n curves is also given in figure 4.  
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fig. 4  P-n curves and optimum cubic line for the VIRYA-5.2 rotor. Measured Pmech-n and 

            Pel-n curves of the generator for three resistors of about 24  connected in star. 

 

6 Determination of the generator characteristics 

 

Hefei Top Grand shows a data sheet at their website of the chosen generator (following the 

path: www.china-topgrand.com – product – generators outer rotor – page 3 - 

TGET450-2KW-180R) with a drawing, a list with performance parameters and a table with 

measuring points for a resistor load. The resistance of the load has been chosen such that the 

output voltage is 220 V at 180 rpm. The values given in this table are copied in table 3. 

 
Rotational speed n (rpm) 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 

Torque Q (Nm) 6.2 10.3 16.3 24.4 29.7 37.5 45.0 52.4 59.1 66.4 73.7 80.8 87.7 94.7 101.2 108.1 114.8 121.6 

Output voltage U (VAC) 12.2 24.4 36.7 48.9 61.1 73.3 85.6 97.6 110.0 122.2 134.4 146.7 158.9 171.1 183.3 195.6 207.8 220.0 

Output current I (A) 0.3 0.4 0.7 1.0 1.3 1.6 1.9 2.3 2.5 2.9 3.2 3.5 3.8 4.1 4.4 4.7 5.0 5.3 

Output power Pel (W) 5.3 18.1 43.3 87.1 133.9 203.7 286.1 381.7 484.9 607.3 743.1 889.9 1049.3 1222.6 1403.6 1602.1 1812.8 2036.7 

Efficiency   (%) 82.0 83.8 84.5 85.2 86.1 86.4 86.7 86.9 87.1 87.3 87.5 87.7 87.9 88.1 88.3 88.5 88.7 88.9 

Resistance R () 23.5 35.2 30.3 28.2 27.1 26.4 26.0 24.5 25.4 24.3 24.2 24.2 24.1 24.1 24.1 24.0 24.0 24.0 

Input power Pmech (W) 6.5 21.6 51.2 102.2 155.5 235.6 329.9 439.0 557.0 695.3 849.0 1015.4 1193.9 1388.4 1589.6 1811.2 2043.7 2292.1 

Calculated efficiency  (%) 81.5 83.8 84.6 85.2 86.1 86.5 86.7 86.9 87.1 87.3 87.5 87.7 87.9 88.1 88.3 88.5 88.7 88.9 

 

Table 3 Measured generator values for n, Q, U, I, Pel and  by Hefei Top Grand. Calculated 

              values for R, Pmech and  

 

The generator has a 3-phase winding which is internally connected in star. Only the three 

phase wires are guided through the hollow shaft to the outside of the generator. 

http://www.china-topgrand.com/
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This means that if the winding is rectified, it is rectified in star (for star rectification see 

chapter 3.2.1 of KD 340 ref. 5). The load can be connected in star or in delta. Assume that the 

load is formed by three identical resistors which are connected in star. Assume that the 

measured AC voltage U is the voltage measured in between two phases. This voltage is a 

factor 3 higher than the phase voltage in between the starpoint of the generator winding and 

one of the phases. Assume that the current is the current flowing through one of the wires. 

 Now let’s take the measuring points for n = 100 rpm. This gives U = 122.2 V and 

I = 2.9 A. But as U is the voltage in between two phases, the voltage UR in between one of the 

phases and the starpoint of the resistor load will be a factor 3 lower. So UR = 70.55 V. So 

Pel = UR * I = 70.55 * 2.9 = 204.6 W. The power of the three resistors together is then 

3 * 204.6 = 613.8 W. It is specified that the electrical output power Pel = 607.3 W at 

n = 100 rpm, which is almost the same. The difference must be caused by rounding the 

current or the voltage. So the assumption that U is the voltage in between two phases is 

correct. The resistance R of each of the resistors can be calculated by the formula: 

 

R = UR / I = U / (3 * I)       () (11) 

 

For U and I one has to take the output voltage and the output current as specified in table 3. 

The calculated values for R are also given in table 3. It can be seen that for low rotational 

speeds, there is a large variation in the resistance but this must be caused by rounding the 

current which is rather small at low rotational speeds. For higher rotational speeds, R becomes 

almost constant and about 24 .     

 The mechanical input power Pmech isn’t specified. However, one has specified the torque 

Q and the rotational speed n. Pmech can be calculated by the formula: 

 

Pmech = Q *  * n / 30      (W) (12) 

 

The calculated values for Pmech are also given in table 3. As the mechanical and the electrical 

power are known now, de efficiency can be calculated and compared with the given 

efficiency. The calculated efficiency is also given in table 3. The calculated efficiencies are 

the same as the given efficiencies which indicates that the given measuring points are copied 

correctly and that the calculation of Pmech is correct too. The Pmech-n and the Pel-n curves for a 

resistor load with three star connected resistors of about 24  can now be copied in figure 4.  

 These curves give only a limited insight in the generator qualities because normally the 

load isn’t a resistor load. If the load is a battery, the load resistance is high at low currents and 

low at high currents so for a battery load one needs characteristics for a real battery or for a 

load for which the voltage is kept constant at the average charging voltage. If the generator is 

connected to the grid by a 3-phase inverter, it might be possible that the inverter is adjusted 

such that about the optimum cubic line of the rotor is followed. But the given characteristics 

for a load with three resistors with a constant resistance of about 24  give at least some 

insight if the generator is strong enough for the VIRYA-5.2 rotor. 

 In figure 4 it can be seen that the Pmech-n and Pel-n curves end at n = 180 rpm. Both 

curves can be lengthened somewhat until the Pmech-n curve intersects with the P-n curve of the 

rotor for V = 9.5 m/s. The point of intersection lies at a rotational speed of about 204 rpm. 

The electrical power at this rotational speed is about 2500 W. I expect that this is allowed as 

high powers may occur only during short times at wind gusts.  

 The Pmech-n curve of the generator is lying rather close to the optimum cubic line of the 

rotor for wind speeds in between 5 m/s and 9.5 m/s so the matching is good. The Pmech-n 

curve of the generator is intersecting with the optimum cubic line of the rotor at a wind speed 

of about 6.3 m/s. This wind speed is called the design wind speed for this resistor load. But at 

wind speeds lower than about 5 m/s, the generator load is too heavy. The Pmech-n curve of the 

generator is about touching the P-n curve of the rotor for a wind speed of 4 m/s.  
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So below this wind speed, the generator is breaking the rotor to almost stand still position. So 

the windmill can be used for heating but the load has to be disconnected below rotational 

speeds of about 70 rpm. Another option might be to use a resistor load which contains of three 

resistors which are connected in delta and which are switched in sequentially at a certain 

voltage. The voltage U over a delta connected resistor is a factor 3 higher than for a star 

connected resistor. As the power is proportional to U2, the resistance must be a factor 3 higher 

for delta connection, so about 72 . Resistor no. 1 is put in at a low voltage, resistor no. 2 is 

put in at a medium voltage and resistor no. 3 is put in at a high voltage. This will result in an 

acceptable matching at low wind speeds. It might be that a grid connected 3-phase inverter 

can be adjusted such that the matching is perfect at any rotational speed. 

 The generator has a shaft diameter of 59 mm which is certainly large enough for a rotor 

diameter of 5.2 m. So my conclusion is that the chosen generator may work very well in 

combination with the VIRYA-5.2 rotor. However, it isn’t sure if the generator can be used as 

a brake to stop the rotor at any wind speed. Therefore one should measure the P-n curve for 

short-circuit in star. This curve should lie left from the P-n curve of the rotor for V = 9.5 m/s. 

 

7 Checking of the head geometry 

 

In the introduction it is said that the head geometry will be derived from the VIRYA-4.2 head 

geometry. Pictures of the VIRYA-4.2 head are given in figure 1 and 2 of report KD 213 

(ref. 1). A detailed technical drawing of the head is given on drawing number 0401-03/A. The 

head pipe is made of 1.5 m long 3” gas pipe and 1.2 m long 2” gas pipe welded together using 

a tapered ring. The 2” gas pipe is flattened at the end and a 1 m long strip size 65 * 12 mm is 

welded in the flattened end. This strip makes an angle of 15° backwards with the pipe. The 

vane blade is connected to this strip by three 3” * 3” stainless steel hinges. The eccentricity e 

for the VIRYA-4.2 = 0.42 m so 10 % of the rotor diameter. This is rather large and the 

percentage can be taken somewhat smaller for the VIRYA-5.2. Assume e is taken 0.45 m 

which is 8.65 % of the rotor diameter. Assume the 2” pipe is lengthened from 1.2 up to 1.5 m. 

This means that Rv is lengthened by about 0.29 m and becomes 2.68 + 0.29 = 2.97 m. Assume 

that the vane blade dimensions are increased from 1 * 1 m up to 1.22 * 1.22 m. This means 

that i1 increases by a factor 1.22 and becomes 1.22 * 0.37 = 0.45 m. So Rv + i1 becomes 

2.97 + 0.45 = 3.42 m. 

 The moment equation for very low wind speeds is given by formula 49 or 50 of 

KD 213. Formula 50 is copied as formula 13. 

 

Cn = R2 * Ct * e / {h * w * (Rv + i1)}        (-) (13) 

 

Ct is the thrust coefficient which is about 0.7 for a rotor with wooden blades with a Gö 711 

airfoil turning at about the design tip speed ratio. h is the vane height and w is the vane width. 

Substitution of R = 2.6 m, Ct = 0.7, e = 0.45 m, h = 1.22 m, w = 1.22 m and Rv + i1 = 3.42 m 

in formula 13 gives that Cn = 1.314. In figure 6 of KD 213 it can be seen that this value of Cn 

is realised for about an angle of attack  = 29°. The head is designed such that  = 30° for a 

yaw angle  = 0°. So  = 29° means that  = - 1°. This is correct because now it can be 

expected that  = 0° for low wind speeds. So the head geometry of the VIRYA-4.2 is 

modified correctly for the VIRYA-5.2.  

 It is expected that the head frame is still stiff enough if the 2” pipe is lengthened from 

1.2 m up to 1.5 m but this must be checked in practice. The length of the strip to which the 

hinges are connected has to be increased from 1 m up to 1.2 m. To make this strip stiff 

enough, the size 65 * 12 mm has to be changed into 60 * 15 mm. Two elastic vane blade stops 

have to be mounted in between the three hinges to prevent that the angel of attack of the vane 

blade can become negative during strong wind gusts. This is an effective way to suppress 

flutter of the vane arm and the vane blade at high wind speeds.  
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The VIRYA-4.2 head geometry is also used for the VIRYA-4.6B2 but in this case a vane 

blade size 1.1 * 1.1 m is used. The VIRYA-4.6B2 head frame has a head pin with a diameter 

of 45 mm at the top bearing in stead of 40 mm for the VIRYA-4.2. For the VIRYA-5.2, it is 

advised to use a head pin with at least a diameter of 45 mm at the top bearing. So one may use 

the geometry of the head pin and the bearing housing of the VIRYA-4.6B2 which is given on 

drawing 0501-03/A. The hole pattern in the strip size 60 * 15 has to be modified for the 

bigger vane blade. The vane blade stops can be made wider. The generator bracket has to be 

modified to connect the axial flux PM-generator to the head frame.  

 The lower part of the bearing housing of the VIRYA-4.6B2 is the same as that of the 

VIRYA-4.2 and so the 54 mm central hole and the hole pattern of the twelve threaded holes 

M8 in the tower top, are the same for both windmills. 

  

8 Use of the VIRYA-5.2 for battery charging 

 

It might be possible to use the VIRYA-5.2 for battery charging if the 3-phase current is 

rectified. Star rectification of a 3-phase current is explained in chapter 3.2.1 of report KD 340 

(ref. 5). If the winding is rectified in star, each coil bundle of one phase guides a current 

during only 2/3 of the time (see KD 340, figure 7). So no power is generated during 1/3 of the 

time. The question is now, how much power is lost during this time? 

 If the generator is loaded by three identical resistors connected in star, each resistor 

produces power during the whole time. However, this AC power fluctuates strongly. If the 

generated voltage varies according sin, the current will also vary according to sin if the 

load is a resistance. The power is the product of the voltage times the current, so the power 

varies according to sin2. A sin2 function is given in figure 5 for phase U. 
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fig. 5  Variation of the power for a resistance load for phase U 

 

If the three phases are rectified in star, phase U is guiding a current only for phase angles 

30° <  > 150° and 210° <  > 330°. So no power is generated for 0° <  > 30°, 

150° <  > 210° and 330° <  > 360° (see KD 340, figure 7). From figure 5 it can be derived 

that the lost power for these three regions is only about 6 % of the total power generated for 

the whole curve. It is assumed that this effect can be neglected. So it is assumed that the same 

power can be generated if the winding is rectified in star and loaded by one resistor in the DC 

current line. The next question is, what is the optimal nominal battery voltage if the generator 

is loaded by a battery in staid of by one resistor in the DC current line? 

 In figure 4 it can be seen that the point of intersection of the optimum cubic line and the 

Pmech-n curve for a 24  resistor load lies about at a rotational speed of 140 rpm. In table 3 it 

can be read that the output AC voltage U = 171.1 V and that the output AC current I = 4.1 A 

for n = 140 rpm. In chapter 6 it was determined that the given voltage is the voltage in 

between two phases and not the voltage in between the star point and a phase.  
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The effective phase voltage Ueff in between a star point and a phase is a factor 3 lower. So 

Ueff = 171.1 / 3 = 98.8 V. The relation in between the effective phase voltage Ueff and the 

effective DC voltage for star rectification UDCeff is given by formula 14 of KD 340. This 

formula is copied as formula 14. 

 

UDCeff = 0.955 * 2 * 3 * Ueff  - 1.4       (V)       (star rectification) (14) 

 

Substitution of Ueff = 98.8 V in formula 14 gives that UDCeff = 229.7 V. This is a very high 

voltage for a DC system. If 12 V lead acid batteries are used, the normal maximum charging 

voltage is about 13.6 V. So the maximum charging voltage is about a factor 1.133 higher than 

the nominal battery voltage. So the nominal battery voltage for the loaded voltage 

UDCeff = 229.7 V is 229.7 / 1.133 = 202.7 V which is still very high. 

 Battery systems for high powers normally use a high voltage otherwise the currents will 

be very high. Mostly the nominal battery voltage is a multiple of 48 V, so 48 V, 96 V, 144 V, 

192 V or 240 V. A nominal battery voltage of 192 V is only somewhat lower than 202.7 V so 

this battery voltage seems an acceptable choice. This means that sixteen 12 V batteries have 

to connected in series.  

 Every 12 V battery should have a voltage controller and dump load which prevents over 

charging if the battery is full by limiting the maximum charging voltage up to about 13.6 V. 

Another option is to limit the maximum charging voltage for the whole 192 V system up to 

about 217.6 V but this works only if all sixteen batteries are identical and are having the same 

charging level. It must also be prevented that the battery voltage becomes too low. If it is 

assumed that the minimum battery voltage of one 12 V battery is 11 V, the miniumum voltage 

of the whole system is 176 V. It might be that the inverter has an option to disconnect it if the 

DC voltage has reached a certain minimum level. 

 So the maximum charging voltage will be about 1.133 * 192 = 217.6 V. The maximum 

power which the VIRYA-5.2 can generate is about 2500 W. So the maximum DC current will 

be about 11.5 A. Assume that the capacity of each battery is taken at least ten times the 

maximum current. So each battery must have a capacity of about 120 Ah.  

 One needs an inverter which can transform the battery voltage in a 1-phase or a 3-phase 

AC current with a nominal AC voltage of 230 V and a frequency of 50 Hz. I don’t know if 

such inverters are available.   

 A high DC voltage is much more dangerous than the same AC voltage! So the batteries 

and the inverter have to be stored in a locked separate room which is only accessible to 

qualified technicians. 

 

9 Determination of the starting behaviour for a resistor load 

 

It is difficult to check the starting behaviour in the P-n graph because all P-n curves become 

zero when n = 0 rpm. The starting behaviour is therefore determined in the Q-n graph. The 

determination of the Q-n curves of a windmill rotor is described in chapter 8 of KD 35. One 

needs a Cq- curve of the rotor together with the formulas for the torque Q and the rotational 

speed n. The Q-n curves are used to determine the starting behaviour and are therefore only 

determined for low values of  and for low wind speeds. The Q-n curves are determined for 

Cq values belonging to  is 0, 1, 2, 3, 4, 5 and 6 (see figure 2). The Q-n curves are determined 

for wind the speeds 2, 3, 4, 5 and 6 m/s. Figure 3 shows that the rotor is perpendicular to the 

wind for these wind speeds. So the formulas for n and Q as given in chapter 4.1 of KD 35 can 

be used. 

 

Substitution of R = 2.6 m in formula 4.7 of KD 35 gives: 

 

n = 3.6728 *  * V        (rpm) (15) 
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Substitution of  = 1.2 kg/m3 and R = 2.6 m in formula 4.3 of KD 35 gives: 

 

Q = 33.130 * Cq * V2         (W) (16) 

 

For a certain wind speed, for instance V = 2 m/s, related values of Cq and  are substituted in 

formula 15 and 16. The result of the calculations is given in table 4.  

 
 V = 2 m/s V = 3 m/s V = 4 m/s V = 5 m/s V = 6 m/s 

 Cq n (rpm) Q (Nm) n (rpm) Q (Nm) n (rpm) Q (Nm) n (rpm) Q (Nm) n (rpm) Q (Nm) 

0 0.0089 0 1.18 0 2.65 0 4.72 0 7.37 0 10.61 

1 0.011 7.35 1.46 11.02 3.28 14.69 5.83 18.36 9.11 22.04 13.12 

2 0.02 14.69 2.65 22.04 5.96 29.38 10.60 36.73 16.57 44.07 23.85 

3 0.0433 22.04 5.74 33.06 12.91 44.07 22.95 55.09 35.86 66.11 51.64 

4 0.0675 29.38 8.95 44.07 20.13 58.76 35.77 73.46 55.91 88.15 80.51 

5 0.078 36.73 10.34 55.09 23.26 73.46 41.33 91.82 64.60 110.18 93.03 

6 0.0717 44.07 9.50 66.11 21.38 88.15 38.00 110.18 59.39 132.22 85.52 

 

table 4  Calculated values of n and Q as a function of  and V for the VIRYA-5.2 rotor 

 

The calculated values for n and Q are plotted in figure 6. The optimum parabola which is 

going through the points for the design tip speed ratio  = 6 is also given in figure 6.  
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Table 3 gives the measured values of Q for a 24  resistor load connected in star. No value of 

Q is given for n = 0 rpm but in chapter 4 it was estimated that the starting torque is 2 Nm. The 

measured Q-n curve of the generator for 24  star is also given in figure 6. 

In figure 6 it can be seen that the Q-n curve of the generator for 24 V star is touching the Q-n 

curve of the rotor for V = 4 m/s at about n = 55 rpm. But it can also be seen that the Q-n curve 

of the generator for 24 V star is lying higher than the Q-n curve of the rotor for V = 6 m/s at a 

rotational speed of about 40 rpm. So the rotor won’t even start at V = 6 m/s if the resistor load 

is coupled permanently to the generator. In chapter 6, two options are given to solve this 

problem.  

 The first option is to connect the load only if the unloaded rotational speed has 

increased up to about 70 rpm and to disconnect the load if it has decreased up to about 

40 rpm. It is expected that the Q-n curve for three 72  resistors connected in delta is the 

same as for three 24  resistors connected in star. So the Q-n curve given in figure 6 for 24  

star is also valid for 72  delta. The disadvantage of this option is that no power is generated 

below 40 rpm and that no power is generated in between 40 rpm and 70 rpm if the rotor is 

accelerating.  

 The second option is to use three 72  resistors in delta and to connect the resistors 

sequential, so first one resistor, then two and then three resistors. It is assumed that the torque 

for one resistor is 1/3 of the torque for three resistors and that the torque for two resistors is 

2/3 of the torque for three resistors. For every step one needs a different rotational speed to 

connect and to disconnect. The disadvantage of this option is that it is rather complicated 

 The third option (not given in chapter 6) is to start with three 72  resistors connected 

in star and then switch to delta at about n = 70 rpm. The power per resistor for star connection 

is 1/3 of the power for delta connection and the torque at a certain rotational speed is therefore 

also a factor 1/3 of the torque for delta connection. However, it has to be taken into account 

that the friction torque of the generator seal and the bearings is 2 Nm for every rotational 

speed. This means that the measured torque has first to be reduced by 2 Nm. Next the result is 

divided by 3 and next 2 Nm is added again. The estimated Q = n curve for 72  star is also 

given in figure 6.  

 In figure 6 it can be seen that the Q-n curve for 72  star is touching about the Q-n 

curve of the rotor for V = 2 m/s. So the rotor will start easily even if the 72  star load is 

connected already at stand still position. So one can switch from star to delta at for instance 

70 rpm and switch back from delta to star at for instance 50 rpm. So this option is simpler 

than sequential connection of one, two and three resistors. The disadvantage is that the 

matching for 72  star is not as good as for two resistors if the rotational speed is lying in 

between about 50 rpm and 70 rpm. 
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Sketch of the VIRYA-5.2 rotor 
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Appendix 2 

 

 
Sketch PM-generator Hefei Top Grand TGET450-2KW-180R 
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Appendix 3  Detailed drawings of the rotor 
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